Powerline interference always disturbs recordings of biomedical signals. Numerous methods have been developed to reduce powerline interference. However, most of these techniques not only reduce the interference but also attenuate the 60 Hz power of the biomedical signals themselves. In the present study, we applied the S-transform, which provides an absolute phase of each frequency in a multi-resolution time-frequency analysis, to reduce 60 Hz interference. According to results from an electrocardiogram (ECG) to which a simulated 60 Hz noise was added, the S-transform de-noising process restored a power spectrum identical to that of the original ECG coincident with a significant reduction in the 60 Hz interference. Moreover, the S-transform de-noised the signal in an intensity-independent manner when reducing the 60 Hz interference. In both a real ECG signal from the MIT database and natural brain activity contaminated with 60 Hz interference, the S-transform also displayed superior merit to a notch filter in the aspect of reducing noise and preserving the signal. Based on these data, a novel application of the S-transform for removing powerline interference is established.
Introduction
Powerline interference is an annoying problem which exists in many electrophysiological recordings (Huhta and Webster 1973) , and it can strongly distort biopotentials. Numerous biomedical signals, such as electrocardiogram (ECG) and electroencephalogram (EEG), contain distinct features in the time-domain analysis. For example, R-peak detection of an ECG is the first step in analyzing heart rate variability to assess autonomic nervous activity (Task Force of the European Society of Cardiology and the North Society of Pacing and Electrophysiology 1996) . If an ECG is contaminated by powerline noise, the R-peak timing cannot be accurately measured. Afterward, functional assessment of the autonomic nervous system by means of heart rate variability is not convincing. Therefore, the noise needs to be minimized to extract critical features of the biopotentials. Several hardware-based techniques (Huhta and Webster 1973 , Ott 1976 , Thakor and Webster 1980 , Shaw et al 2003 , including twitching recording wires and shielding wires, have been used to reduce the influence of power interference. In almost all hardware systems, powerline noise is eliminated by either a lowpass or notch filter with a proper cutoff frequency. In fact, most bioelectric activities contain considerable power near or at the powerline frequency. Thus, a notch filter always attenuates the magnitude of both the biopotential and the noise around the powerline frequency. We set out to develop an optimal filter of preserving biopotentials while significantly reducing the powerline interference.
In addition to hardware treatment, several software techniques (Barr and Chan 1986 , Pottala et al 1990 , Ferdjallah and Barr 1994 , including adaptive filters and independent component analysis for multichannel recordings, have been used to minimize powerline contamination. These methods require multiple channel inputs, including a reference recording of the interference from ac power. In the present study, we considered an alternative method to remove the energy of powerline interference without attenuating the biosignals from a single-channel recording. In general, system power is stationary throughout the recording session under a quiescent resting condition. Thus, the phase of the powerline interference should be constant. A more recent time-frequency representation, the S-transform (Stockwell et al 1996) , has been demonstrated to provide multi-resolution analysis while retaining the absolute phase of each frequency. Therefore, the S-transform precisely extracts the phase of valuable signals in many fields, such as geophysics (Pinnegar and Mansinha 2003) , medicine (Assous et al 2005) and power quality analysis (Dash et al 2003) . In the present study, we employed the S-transform to decompose, estimate and extract the noise component arising from powerline interference to de-noise a signal. Characteristics of the time and frequency domains were compared between simulated and realistic biopotentials after a notch filter and the S-transform de-noising process.
Materials and methods

S-transform
The S-transform is an extension of the continuous wavelet transform (CWT) and is based on a moving and scalable localized Gaussian window. The S-transform is computed by shifting the window function down the signal in time across a range of frequencies. It is defined as
where g( f, t) is a normalized Gaussian window. The width of the Gaussian window is determined by the examined frequency. The equation is given by
where σ (f ) is used to decide the width of the window. Similar to a wavelet, the value of σ (f ) is inversely proportional to the frequency f and can be denoted as
An inverse relationship between the frequency and window width is used. In other words, the window is narrower at higher frequencies and wider at lower frequencies. In equation (3), if b = 0, σ (f ) is a constant value that results in a constant window width. Therefore, the time-frequency analysis is similar to a short time Fourier transformation (STFT); if a = 0, the value of σ (f ) decreases as the frequency increases. It forms an Stransform. By substitution of equations (2) and (3) into (1), the equation of the S-transform can be more clearly stated as
The S-transform can also be obtained by multiplying the CWT with the phase correction factor:
where W( f, τ ) is the CWT. The phase of the S-transform referenced to the time origin provides useful and supplementary information about the spectra that is not available from locally referenced phase information in the CWT. Therefore, the S-transform contains the advantages of both STFT and CWT. Additionally, the S-transform can be implemented using fast Fourier transformation (FFT), and it also preserves the advantage of computation efficiency. Figure 1 shows the time-frequency chart of a 60 Hz sinusoid waveform using the S-transform. The peak amplitude is located at 60 Hz, and the absolute phase of 60 Hz is −π/2 throughout the entire window.
The S-transform is a linear operation on a signal m(t). If noise η(t) is added to the signal m(t), it can be modeled as m noise 
The linear property of the S-transform is greatly beneficial for the de-noising process through the subtraction of the powerline interference.
Implementation of the S-transform
X(f ) is the Fourier spectrum of x(t). The S-transform in the frequency domain is given by
Using discrete Fourier transformation (DFT) and inverse DFT (IDFT), the discrete S-transform of time series x[n] is represented as
where , m, k = 0, 1, 2, . . . , N − 1, N is the total number of sampling points and G [k, m] is derived from the DFT of the Gaussian window g( f, t). The equations defining G [k, m] are The implantation flowchart of the discrete S-transform is sketched in figure 2 . The discrete version of the S-transform (equation (8)) was calculated by the FFT, and the computational complexity of the N-point FFT is N log N . Data series and Gaussian window were transferred into a frequency domain using the N-point FFT. To reduce the computation time, only each time shift point m at target frequency k p (60 Hz herein) was calculated. Thus, X[m + k p ] should be element-by-element multiplied by the Gaussian window G[k p , m] which needs N additional operations. Therefore, the computational complexity of the S-transform here may be N + 2N log N (in terms of the number of arithmetic operations required).
Software
The algorithm of the S-transform was implemented with Matlab and embedded into a LabVIEW platform (National Instruments, Austin, TX). The power spectra of simulated and realistic signals were calculated by the FFT with a Hanning window that attenuated spectral leakage due to edge discontinuities. The notch filter adopted in the study was a second-order digital IIR filter implemented by Digital Filter Design Toolkit (National Instruments, Austin, TX). The transfer function of a second-order notch filter is expressed as
where ω o and Q are the notch frequency and quality factor, respectively. The Q value reflects a sharpness of the stop bandwidth of the filter. In general, increasing the Q factor results in narrowing the stop bandwidth and less power attenuation of the notch frequency. A bilinear transform can convert the s-domain transfer function into a discrete z-domain function for digital notch filters.
Subjects and data acquisition 2.4.1. Human ECG recording.
A two-lead ECG with lead II configuration was recorded from a healthy subject's chest with Ag/AgCl electrodes by using a battery-powered ECG recorder (digitized at 500 Hz with a gain of 1000 at 0.1-100 Hz). The ECG was used as a basis because of no obvious powerline interference. The QRS complex of the ECG contains wide spectral information, which displays great overlap with the frequency of the powerline interference. All simulation results shown below were primarily based on extracting accurate R-peak information. In addition, a dataset (103.dat) from the MIT-BIH Arrhythmia Database (http://www.physionet.org) was used to evaluate de-noising effectiveness for realistic ECG contaminated with 60 Hz noise. 
Rat EEG recording.
Cortical field potentials of a Long-Evans rat with remarkable 60 Hz interference were recorded. All surgical and experimental procedures performed in rats were reviewed and approved by the Institutional Animal Care and Use Committee of National Cheng Kung University. The animal preparation, the signal conditioning circuit and the data acquisition system were described elsewhere in detail (Shaw et al 1999 (Shaw et al , 2002 . In brief, skull screw electrodes were bilaterally implanted in the areas of the frontal, parietal and occipital cortices in anesthetized Long-Evans rats. A ground electrode was fixed onto the skull over the cerebellum. After 3 weeks recovery, cortical field potentials were recorded from chronically implanted skull electrodes in freely moving rats. A buffer headset (with a gain of 1) was connected to the rat's head to conduct the EEG into the post-amplifier system with a gain of 5000 in the range of 0.3-70 Hz. Spontaneous spike-wave discharges (SWDs), which are associated with absence seizures (Shaw 2004 (Shaw , 2007 , are often observed in Long-Evans rats.
In the present study, a noisy EEG reading was obtained without careful grounding in the freely moving rat.
De-noising process
The de-noising procedure is illustrated in figure 3 . Bioelectrical activity contaminated with powerline interference was first decomposed by the S-transform to extract the amplitude and phase array. Afterward, the possible amplitude and phase of the powerline interference were estimated with regard to several reference derivations (see details in the following section). The power of the possible interference, which was derived from the estimated amplitude and phase, was calculated and then subtracted from the original signal. Therefore, the de-noising process for bioelectrical activity was completed. In the de-noising procedure using the Stransform, two aspects of parameters had to be determined: methods for the estimation of amplitude and phase and the time-frequency window parameter b.
Choosing optimal parameters of the S-transform
Under a resting condition which is used in most cases in practice, the powerline interference appearing in the recording exhibited no large fluctuations. Based on this important phenomenon, the amplitude and phase of the interference may be constant within a short period, i.e. a few seconds. On the other hand, most biomedical signals cover a wide frequency range, which overlaps with the powerline frequency. For instance, the QRS complex of the ECG contains a 60 Hz amplitude. Thus, the 60 Hz amplitude of most bioelectrical activities changes with time, and it would not be a constant value within a small time-frequency window. When both the biopotential and powerline interference were mixed under a realistic condition, a fluctuating amplitude and phase were observed at 60 Hz. According to the properties of both a constant interference and random fluctuations of the biosignal, a de-noising process using the S-transform was constructed to filter out the powerline interference through a single-channel biopotential.
Four derivations for estimating the amplitude and phase of the powerline interference
An artificial 60 Hz sinusoidal wave of 0.5 mV amplitude was added to a raw ECG (−69.30 ± 0.18 dB at 60 Hz). Four references, i.e. the mean, median, minimum and maximum, were compared to estimate the amplitude and phase which contributed to the 60 Hz powerline interference. Additionally, two populations of samples (75% and 100% in table 1) were used to calculate the reference. The QRS complex possessing considerable power at 60 Hz can lead to large fluctuations in particular time windows. In a sorted amplitude or phase array after the S-transform, the distribution of the amplitude or phase samples always revealed a central peak accompanied by considerable probability in the two extremities of the sample population. To minimize the possible contribution of these two extremities, a 75% amplitude array was used to estimate the powerline noise level. In this case, the amplitude array was first sorted, and both the upper and lower 12.5% of the amplitude array were ruled out. Table 1 displays a comparison of 60 Hz powers in four different methods under two sample populations (n = 10). The time-frequency window b was 1 (see the results in the following subsection). The amplitude and phase of the data population with regard to the mean or median derivations approximated the amplitude (0.5 mV) and phase (−π/2) of an artificial sinusoidal wave. After the S-transform de-noising process, almost all estimated 60 Hz powers revealed significant differences compared to the 60 Hz power of the original ECG (−69.30 ± 0.18 dB). Only the 60 Hz power estimated by the mean reference of the 75% data array (−69.38 ± 0.27 dB) showed no remarkable difference from that of the original ECG (p = 0.295). Most specifically, the amplitude and phase estimated using the S-transform with regard to the mean of the 75% data population were almost identical to those of the artificial sine wave. This might be the reason why the S-transform de-noising process performed well in the mean reference.
Effect of the time-frequency window parameter b in the de-noising process
The b value of the S-transform determines the window width for a given frequency (Stockwell et al 1996) . In a previous study (Chilukuri and Dash 2004) , the b value was suggested to be 0.333-5. To further determine the b factor in the S-transform de-noising process, differences between the estimated and realistic aspects of the amplitude and phase were compared (figure 4). Under four different data lengths at two sampling frequencies (250 and 500 Hz), similar curves were found in the errors of the amplitude and phase with the b factor. The errors of amplitude and phase were minimal when the b value was in the range of 0.5-2. Furthermore, errors of the amplitude and phase occurring at b = 1 were consistently the lowest (figure 4). Outside this range, the amplitude showed dramatic increases at the two extremities. The phase error obviously increased when the b factor was larger than 2. Based on these results (table 1, figure 4), several criteria were determined in the following de-noising process of the S-transform: (1) b = 1, (2) the mean amplitude of the 75% population and (3) the mean phase of the 75% population.
De-noising performance using the S-transform
In the present study, the de-noising effects of both the notch filter and S-transform were compared. Figure 5 illustrates the temporal and frequency responses of the original ECGs adding an artificial 60 Hz sine wave and the filtered results (notch filter and S-transform). An obvious 60 Hz peak is shown in the power spectrum ( figure 5(a) ). Figure 5 (b) depicts a clear ECG signal after the application of the S-transform de-noising process. In addition, the power spectrum after S-transform de-noising, except at 60 Hz, was identical to the original one. In sharp contrast, a large, wide trough was seen in the power spectrum using the notch filter (Q = 10) since a clear ECG was restored in the time domain ( figure 5(c) ). A notch filter of Q = 1 showed a wider trough and a larger power attenuation around 60 Hz compared to the other two Q values (Q = 5, 10). In order to quantify differences between these methods, the Rpeak amplitude was measured (n = 10). A significant difference existed among all processes (figure 6; p < 0.001 by one-way repeated measures ANOVA on rank). The R-peak amplitude Figure 6 . R-peak amplitudes with different processes compared to those of raw ECGs (n = 10). Three conditions were compared: noise, difference between the R-peak amplitude of a raw ECG and that of the raw ECG with an artificial 0.5 mV sine wave; S-transform, difference between the R-peak amplitude of a raw ECG and that after application of the S-transform de-noising process; and notch filter, difference between the R-peak amplitude of a raw ECG and that after application of a notch filter. Data are presented as the mean ± standard deviation. * p < 0.05 by the Student-Newman-Keuls test.
subjected to the S-transform de-noising process revealed almost no difference compared to the original R-peak amplitude (0.000 ± 0.001 mV). However, the R-peak amplitude was significantly attenuated by the notch filter (−0.040 ± 0.007 mV).
Other than a constant 60 Hz amplitude, the performances of the notch filter with four different Q values and the S-transform at various levels of noise amplitude were also evaluated (figure 7). The 60 Hz power after the S-transform de-noising process revealed a constant value that was closely approximate to the 60 Hz power of original ECGs. Thus, the S-transform de-noising process seemed to be a noise level-independent process. On the other hand, the notch filter did not perform very well in reducing the 60 Hz interference. With a high-Q notch filter, 60 Hz power did not attain the level of the original ECG. In contrast, an over-reduction of 60 Hz power was seen under a low-Q condition (figure 7). Additionally, dramatic suppression of a wide frequency was also seen with the low-Q notch filter ( figure 5(c) ). The responsive curve of a notch filter of Q = 10 was approximate to the original ECGs. Thus, the notch filter of Q = 10 was used in assessment of realistic biomedical signals. Based on these simulated results, the S-transform de-noising process showed significant advantages for removing 60 Hz noise and preserving the power distribution of ECGs.
In addition, to compare the filter performance of simulated signals, realistic noisy biosignals were tested. As shown in figure 8 , the S-transform de-noising process effectively eliminated the 60 Hz interference of the ECGs from the MIT-BIH Arrhythmia Database with no distortion in the powers of other frequencies. An over-attenuation was observed in the process of a notch filter. A normal EEG followed by a spontaneous SWD (marked by a bold line) is shown ( figure 9(a) ). From the temporal traces, more of the high-frequency component of the normal EEG activity was preserved by the S-transform de-noising process compared to that of the notch filter. Furthermore, the amplitude of the SWD using the S-transform de-noising process was also obviously higher than that of the notch filter. In addition, a clear and significant reduction of 60 Hz power (25 dB) without changing the powers of other frequency ranges was achieved after applying the S-transform de-noising process ( figure 9(c) ). In contrast, significant attenuation of powers at 60 Hz and its adjacent frequency range was illustrated by the notch filter ( figure 9(d) ). Although there is no answer about the accurate amplitude in realistic bioelectrical activity, the continuity in the power spectrum illustrates the advantage of our proposed S-transform de-noising process. Results from both the ECG and EEG signals indicated that the S-transform de-noising method is feasible and robust for removing powerline interference with no distortion of meaningful bioelectrical activity.
Discussion
In the present study, we provided evidence for the advantages of the de-noising performance of the S-transform based on results of both simulated and realistic signals. With S-transform de-noising, the power spectrum of the original bioelectrical activity was preserved, and 60 Hz powerline interference was significantly reduced. Results from the S-transform denoising process were significantly better than those with a notch filter. Moreover, the Stransform de-noising process could be carried out in a single-channel recording without a reference signal, which is commonly used in adaptive filters (Ma et al 1999) . In addition to previous applications of the S-transform (Dash et al 2003 , Pinnegar and Mansinha 2003 , Assous et al 2005 , we created a new function for the S-transform which significantly reduced the powerline interference.
The S-transform produces a multi-resolution analysis with a constant relative bandwidth (Stockwell et al 1996, Chilukuri and Dash 2004) . The b value of the S-transform determines the window width for a given frequency (Stockwell et al 1996) . According to the Heisenberg uncertainty principle, a high precision in both time and frequency cannot simultaneously be obtained. A small b value forms a wide window width in high frequency ranges and vice versa for a high b value (Chilukuri and Dash 2004) . In a previous study (Chilukuri and Dash 2004) , the b value was suggested to be 0.333-5 when applied to power delivery quality. In this study, a better range for b values was 0.5-2 as determined from errors of both amplitude and phase estimation (figure 4). A high b value (>2) was accompanied by a narrow window width, i.e. increasing the time resolution with poor frequency resolution. Poor frequency resolution may result in less power concentrated in the powerline interference, and may subsequently produce a great error in the powerline frequency. On the other hand, a small b value (<0.5) had a high frequency resolution accompanied by poor temporal resolution. In general, the powerline frequency slightly fluctuates around a particular frequency (60 Hz in the present study). The resolution of the frequency domain that is too high might produce an uncertainty in the accuracy of the powerline frequency, and a great error may be obtained. Based on our simulation, errors of both the amplitude and phase were consistently low at b = 1, which was used in the entire study. Accordingly, a value of b = 1 is optimal for de-noising processes using the S-transform.
A stable and constant powerline frequency is assumed for the application of the Stransform de-noising process. In general, the delivery quality of a power, including its frequency, is well controlled. The powerline frequency during power delivery falls in the range of 60 ± 0.1 Hz with a very high probability (96.74%) in a half-year power monitoring of Taiwan Power Company. The fluctuation of the powerline frequency falling in the range of 0.11-0.3 Hz is 3.25%. Only 0.01% of the powerline frequency fluctuates >0.3 Hz. A tiny frequency fluctuation should not be observed in a short time window. For a 2 s data segment (0.5 Hz frequency resolution) used in this study, the major peak of powerline interference should basically be located at 60 Hz in most cases. In our examples of real ECG signals from the MIT-BIH Arrhythmia Database and natural brain activities from a rat, the 60 Hz power peak can be seen (figures 8(a) and 9(a)). The fluctuation of the powerline frequency in these real biosignals is very rare (1.55% of 30 min data segments (n = 902) in the MIT-BIH Database and 0% of 280 s data segment (n = 140) in rat EEGs). Thus, the powerline frequency is generally stationary. Several aspects of results obtained in this study also supported that the S-transform de-noising process worked very well in canceling out 60 Hz powerline interference and preserving the original signals.
According to our assumption of the S-transform de-noising process, our method would not filter out transient noise, such as transient power spikes. In that case, an adaptive filter with a power monitor may be a better alternative (Ferdjallah and Barr 1994, Ma et al 1999) . On the other hand, powerline interference of biomedical signals may display a primary peak accompanied by several harmonics (Huhta and Webster 1973) . Because frequency fluctuations of these harmonics are not generally large, an S-transform comb filter, which is based on our proposed de-noising process at a single frequency, should be established to reduce all contributions from the power line.
In much clinical or basic research, a long-term biosignal recording is required, such as intensive care unit ECGs. For a long data segment, the powerline frequency is not sure to be 60 Hz because of its increased frequency resolution. The S-transform de-noising process may not work well in long-duration data. However, our results have strongly supported the Stransform de-noising process working in eliminating the powerline interference and preserving the original signal spectrum with a 2 s data window. Accordingly, long-term bioelectric data could be cut into fixed and short length segments, for instance 2 s here. Following this, a subsequent S-transform de-noising process is carried out slide by slide. A good quality signal should be seen.
In many biomedical systems, a notch filter is a fixed selection to eliminate the powerline interference. However, the notch filter not only reduces the powerline interference but also attenuates the power around the powerline frequency. Moreover, the notch frequency of a notch filter often drifts with temperature, and elements of notch filters gradually degrade with time. These disadvantages have generated great concerns in applying notch filters to biomedical signals (Pottala et al 1990 , Breithardt et al 1991 . In the present study, we provided several lines of evidence on the advantages of the S-transform de-noising process in eliminating powerline interference in coincidence with maintaining the power of the original signals. Besides, the S-transform can be implanted using a standard DFT or FFT algorithm (Stockwell et al 1996, Chilukuri and Dash 2004) . The DFT and FFT algorithms have been demonstrated to be capable of being implanted using a generic digital signal processor chip (Lakshmikanth and Morcos 2001, Salem et al 2007) . Accordingly, an S-transform chip might be a next step for real-time reduction of powerline interference.
